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SPA SUPPLEMENTAL PCWER AND HEAT REJECTION KIT 
1. SUMMARY 
Since both the  power a v a i l  a b i l  i ty and heat - re ject ion/ thernml  con t ro l  
capabil  i t y  of the Spacelab were found t o  be i n s u f f i c i e n t  t o  f u l f i l l  t he  
experiment requirements o f  the Space Processing d i s c i p l  ine,  i t  was decided 
t o  u t i l  i ze  a supplementary power and heat  r e j e c t i o n  k i t  (PHRK). This k i t  
w i l l  be suppl ied by  the  SPA payload and w i l l  be used i n  con junc t ion  e i t h e r  
w i t h  manned experiments i n  the  Spacel ab's experiment modul e, wl t h  unmanned 
experiments i n  the  Spacelab's cargo bay, o r  w i t  , a combination o f  these. 
The PHRK w i l l  be loca ted  i n  t he  cargo bay f o r  a l l  th ree  of these miss ion 
modes. 
The two subsystems o f  e l e c t r i c  power and thermal con t ro l  were analyzed 
i n  o rder  t o  de f ine  the requirements f o r  the  SPA PHRK. 
As a bas is  f o r  the  analyses, twelve exemplary experiments were de- 
f i n e d  and power time1 ines  were developed. From these t ime i  ines, the  
experiment requirements f o r  sustained power, peak power and energy were 
determined. The power and energy requirements a t  the power source were 
ext rapola ted by us ing these raw f i gu res  and est imat ions o f  1 i n e  losses, 
e f f i c i e n c i e s  and contingency f ac to r s .  
The cu r ren t  Spacel ab subsystem requ i  rements were est imated t o  resu l  t 
i n  a payload power a l l o c a t i o n  from the  s h u t t l e  o f  4.0-4.8 KW average and 
9.0 KW peak f o r  15 minutes. The PHRK w i l l  prov'de up t o  14 KW continuous 
average power and peaks up to  24 KW f o r  15 minutes. The use o f  both power 
sources w i l l  a l l ow  from 4.0 KW t o  18.8 KW o f  continuous average power t o  
the experiments a long w i t h  peak powers up to 33 KW f o r  15 minutes. This 
u t i l  i z a t i o n  mode w i l l  accommodate a l l  o f  the twelve exemplary experiments, 
whereas use o f  s h u t t l e  power alone w i l l  not .  
The e l e c t r i c a l  power subsystem o f  the  PHRK w i l l  be comprised o f  two 
f ue l  c e l l  s, oxygen and hydrogen reac tan t  tank assembl i e s  , wi i ter  storage 
tanks, p l  umbiny, cab1 i n g  and i n v e r t e r s  t o  conver t  the nominal 28 'v'DC f u e l  
c e l l  ou tpu t  t o  AC power. The reac tan t  tank assemblies w i l l  p rov ide  f o r  
s u f f i c i e n t  cryogenic s torage o f  hydrogen and oxycen t o  prov ide about 1000 
KWH o f  energy. 
The e l e c t r i c a l  power d i s t r i b u t i o n  subsystem w i l l  p rov ide  the i n t e r -  
face between the power source and the experimental equipment. I t  w i  11 
prov ide t he  func t ions  o f  power swi t c h i n g l d i  s  tri but ion,  s igna l  condi t i o n i n g l  
d i s t r i b u t i o n  and in te rconnec t ion  o f  a1 1  e l e c t r i c a l  i n t e r f aces .  The base- 
l i n e  power d i s t r i b u t i o n  system i s  an AC system t h a t  u t i l i z e s  115 VAC - 
400 Hz, single-phase i n v e r t e r s  f o r  low power and 11 5  VAC - l6OO/l8OO Hz, 
three-phase, four-wi  r e  i n v e r t e r s  f o r  h i gh  1  eve1 power. Power conversion 
w i l l  be provided by s t a t i c  DC t o  AC i n v e r t e r s  . 
The thermal con t ro l  subsystem (TC' ) must mainta in  the environment o f  
the e x p e r i ~ i e n t  modules and payload equipment. The TCS o f  the PHRK w i l l  
cons is t  o f  a  pumped 1  i q u i d  loop  which r e j e c t s  thermal energy t o  space v i a  
thermal r ad ia to r s  loca ted  on the e x t e r i o r  o f  the  PHRK s t r uc tu re .  There 
w i l l  be two rad ia to r s  -- the h i gh  temperature, pr imary r a d i a t o r  f o r  h igh  
heat  r e j e c t i o n  and the secondary r a d i a t o r  t o  prov ide a  temperature drop 
f o r  the e l e c t r o n i c  equipment opera t ing  a t  room temperature (approsimatel  y 
ten percent ) .  Thermal capaci tovs, assumed t o  be s t e a r i c  acid,  w i l l  be i n -  
c l  uded i n  the system downstream o f  the  pr imary r a d i a t o r  t o  s t o r e  thermal 
energy t h a t  exceeds the r a d i a t o r ' s  capac i ty .  A t  an appropr ia te  t ime i t  
can be removed from the  capac i to r  and re j ec ted  t o  space v i a  t he  r a d i a t o r .  
Weight and volume estimates were prepared fo r  the automated exper i -  
ment package and weight estimates f o r  the PHRK. The complete system w i l l  
r equ i r e  a  weight a l l o c a t i o n  o f  4354 kg (9605 1  b) an austere ve rs ion  w i l l  
r equ i r e  o n l y  2560 kg (5645 l b ) .  S i x  d i f f e r e n t  con f i gu ra t i on  1 ayouts were 
prepared f o r  the  PHRK us ing these f igu res .  Also, three drawings were pre- 
pared showing the PHRK schematic, a  modular k i t  and the s t r u c t u r a l  con- 
f i g u r a t i o n  used i n  the loads analys is .  Th is  ana lys is  was performed t o  
def ine the s t r u c  t u r z l  weights needed t o  accommodate the weights and vol  umes 
of the PHRK and the experimental equipment. The resu l t ,  o f  t h i s  ana lys is  
are inc luded i n  the Appendix. 
NASA Contract  NAS 8-28938 def ined a s e t  o f  modular, reusable and 
reconf igurab le  equipment payl oad subel ements needed t o  perform research 
and development i n  the area o f  processing o f  ma te r i a l s  i n  space. These 
subel ements requi  r e  c ~ r t a i n  resources from the  Spacel ab and 1 i kewise i m -  
pose c e r t a i n  i n t e r f a c e  requirements upon it. The subsystems o f  power 
cond i t i on ing ,  power d i s t r ~ b u t i o n ,  thermal con t ro l  and heat  r e j e c t i o n  were 
amongst those chosen f o r  study regarding the f e a s i b i l i t y  o f  the payload 
equipment, hos t  veh ic le  in te r faces ,  poss ib le  a1 t e r n a t i  ves and accomnoda- 
t i o n  concepts. 
An exami ha t  i o n  o f  the power requi  rsnients t o  perform exenipl ary  SPA 
experiments revealed the  need of g rea te r  power l e v e l s  and energy resources 
than t h a t  a v a i l  ab le  from Spacelab. Likewise, t h i s  increased power usage 
and energy consumption presents a problem i n  the area o f  thermal con t ro l  
dnd heat r e j ec t i on .  Both o f  these areas w i l l  be discussed i n  Sect ion 3.0. 
Since i t  has been determined t h a t  i t  w i l l  be necessary t o  supply a 
!;cop1 e w n t a l  power and heat  r e j e c t i o n  k i t ,  several J i  f f e r e n t  packagi ny 
concepis were examined. These s i x  concePlts are b r i e f l y  sumnari zed i n  
Sect ion 4.0. 
The p re l  irvinary design f o r  t he  Power-Heat Re jec t ion  K i t  proceeded 
on the f o l l o w i n g  assumptions : 
1. An a l l o c a t i o n  f o r  weight and volume o f  experimental gear 
was t o  be es tab1 ished. 
2 .  Placement o f  experiment subel ements w i t h i n  the s t r u c t u r e  
was to be based upon: 
- f e a s i b i l  i ty o f  p rov i d i ng  thermal con t ro l ,  
- a b i l  i t y  t o  i n t eg ra te l r econ f i gu re ,  
- ma in ta in ing  Cg con t ro l  ( a x i a l i r a d i a l  ) . 
3. S t ruc tu ra l  design support  was t o  be developed. Other sub- 
sys terns t reatment o f  the  automated payl oads proceeded on 
the bas is  o f  assuming t h a t  they have c h a r a c t e r i s t i c s  i d e n t i -  
ca l  t o  the i n t e r n a l  Spacel ab SPA subelements. 
4 .  Base1 i n e  Shu t t l e  system documentatior i s  as 1 i s t e d  below and 
i s  ava i lab le .  
Space Shu t t l e  and Space1 ab Discussions 
October 11 -1 2, 1973 
Vol. A -- St ructures Thermal, and 
Mechanical Sys tem 
Vol . A, App. A -- Payload Accommodations SL-6.3.1 . 1  
Base1 i n e  Drawings 
Yol. B -- Env i r .  Thermal Control and L i f e  SL-6.3.1.2 
Support Systems 
Vol. C --  Avionics SL-6.3.1.3 
dol. E -- Mission Operations SL-6.3.1.5 
Vol . F -- Shu t t l  e/Payl oad Safety  Sl.-6.3.1 .6 
Yo1 . G -- Contamination Overview SL-6.3.1.7 
5. Heat r e j e c t i o n  capac i ty  was t o  bc based upon handl ing on ly  
t n a t  amount which the  s u p ~ l  emental power embodies. We 
assumed Spacelab w i l l  handle the  basel ine values. 
From the s i x  concepts, one was chosen f o r  f u r t h e r  ana lys is  (Con- 
f i g u r a t i o n  3) t o  ascer ta in  the axo rnoda t i on  which might be provided. 
This con f i gu ra t i on  was anal v e d  w i t h  the assumption t h a t  an automated 
SPA payload cons i s t i ng  o f  furnace, l e v i t a t i o n  and core  elements 
would a lso  be contained i n  the  K i t .  Weight sumnaries, s t r u c t u r a l  s i z i n g  
ca l cu l a t i ons  and d e t a i l e d  layou ts  f o r  the  K i t  are  inc luded i n  Sect ion 5.0. 
3. SUBSYSTEM ANALYSIS RESULTS 
3.1 ELECTRICAL POWER SUBSYSTEM 
3.1.1 Key Study I n t e r f a c e  A c t i v i  t ies /Guide l  ines 
The major concerns o f  the ,. l e c t r i c a l  power subsystem have been t o  
review and evaluate the e l e c t r i c a l  power demands o f  exemplary space pro- 
cessing experiments as they r e l a t e  t o  t o t a l  power a v a i l a b i l i t y  z d  capa- 
t i l  i t y  , t o t a l  energy demand and the eval ua t ion  o f  suppi ,mental power 
sources. 
3.1.1.1 Power Requirements 
The number o f  poss ib le  SPA experiments a re  ma~iy. For t l ~ e  purpose 
o f  t h i s  analys is  the equipment and load  p r o f i l e s  f o r  twelve represen ta t i ve  
experiments have been i d e n t i f i e d .  These a re  1 i s t e d  i n  Table .1 along 
w i t h  a b r i e f  word d e s ~ r i r ~ t i o n  o f each e x p e r i ~ m t .  I n  t h i s  r epo r t  the 
twelve experiments w i l l  subsequently be i d e n t i f i e d  by the numbers one 
through twel ve as i ndi  cated. 
3.1.1.2 Power A v a i l a b i l i t y  
The Shu t t l e  O r b i t e r  provides electrical power from i t s  th ree  fuel 
c e l l s  t o  support t he  O r b i t e r  and the  Space1 ab operat ions.  One o f  the 
three Shu t t l e  O r b i t e r  fue l  c e l l s  i s  dedicated t o  the  Spacelab e l e c t r i c a l  
power requirements dur ing  normal Shu t t l e  operat ion.  Each f ue l  c e l l  has a 
c a p a b i l i t y  o f  p rov id ing  from 2.0 t o  7.0 KW cont inuous ly  w i t h  peak capa- 
b i l  i t y  o f  up t o  12.0 KW f o r  15 m i n ~ t e s .  Th is  power suppl ies  the Spacelab 
subsystems and the excess i s  a v a i l a b l e  t o  t he  payload. A sumnary o f  thsse 
c a p a b i l i t i e s  and t h e i r  c h a r a c t e r i s t i c s  a re  shown i n  Table 2. The 
normal energy ava i l ab l e  from t ~ l e  O r b i t e r  i s  50 KW-hours, however, an ad- 
d i t i o n a l  900 KW-hours can be provided by the O r b i t e r  i f  t he  reac tan t  and 
tankage weights are charged t o  the Spaceldb o r  the experiments. 
The cu r ren t  S ~ a c e l  ab subsystem r e q ~ i  rements were est imated t o  resu l  t 
i n  a p a y l ~ a d  a1 l o c a t i o n  o f  4.0 t o  4.8 KW averaQe and 9.0 KW peak. The 
average power i s  a 24 h o u r l d ~ y  average and the  peak i s  a 15 minute maxi-  
mum dura t ion  peak w i t h  a minimum separat ion o f  3 hours between peaks. 
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Add i t iona l  power sources may be provided t o  supply e l e c t r i c a l  power 
requirements t h a t  exceed the  a1 l o c a t i o n  o f  e l e c t r i c a l  power fmni  the O r -  
b i t e r .  The power sources considered a re  supplemental and/or peaking 
ba t t e r y  k i t s  and the use o f  a Power-Heat Reject ion K i t  (PHRK) t h a t  con- 
t a i ns  up t o  two Shut t le- type f ue l  c e l l s  and the necessary p l u m b i ~ $ ,  con- 
trol s, reactants  and tankage t o  s a t i s f y  the SPA experiment reqb? rements 
(see Sect ion 3.1.3). The PHRK would prov ide up t o  14 KW o f  continuous 
power and peaks o f  up t o  24 KW f o r  15 minutes. For purposes o f  t h i s  ana- 
l y s i s  an emergency peaking o f  10 KW per  f ue l  ce l  l o r  20 KW t o t a l  f o r  one 
hour was a1 so assumed. 
The use of  the experiment payload a l l o c a t i o n  from the O r b i t e r  and 
the  PHRK w i l l  p rov ide e l e c t r i c a l  power t o  the SPA experiments o f  from 4.0 
t o  18.8 KW cont inuously and peaks o f  up t o  33 KW f o r  15 minutes. The 
Space1 ab e l e c t r i c a l  power requirements t o  support i t s  subsys tems are n o t  
f i xed ,  however, and any increase i n  these requirements wi 11 resu l  t i n  de- 
creases i n  the  power ava i l ab le  t o  the  experiments. 
To assess the capabi l  i ty of the e l e c t r i c a l  power a1 l oca t i ons  t o  s a t i s -  
fy the SFA experiment requirements the sus ta in ing  and peak experiment e lec-  
t r i c a l  power requirements a t  the source f o r  each o f  the 12 i d e n t i f i e d  ex- 
periments are sumnarized i n  F igure 1 and 2, r e s ~ e c t i v e l . ~ ,  f o r  conl- 
par ison w i t h  the power a1 l oca t i ons  f r o m  the  Spacelab 1d the PHRK. On 
these f igures a re  a lso  shown, f o r  comparison, the aver, ge and peak e l e c t r i c -  
a l  power c a p a b i l i t i e s  o f  one and two fue l  c e l l s .  
The sum o f  the  experiment equipment, the core subelement equipment 
and the thermal con t ro l  equipment requirements are r e f l e c t e d  back t o  the 
power source assuming a 90% power f ac to r ,  a 702 i n v e r t e r  e f f i c i e n c y ,  a 
LZ fac to r  f o r  l i n e  losses and a 10% contingency. 
The average power i s  the average power over  the  t o t a l  elapsed ex- 
periment t ime f o r  each experiment and i s  from turn-on o f  the core equip- 
ment (zero minutes). The core equipment and thermal con t ro l  equipment are 
on cont inuously dur ing  these aurdt ions and requ i re  s l i g h t l y  h igher  than 
4 KW a t  the power source. The experiment equipment operates f o r  a sho r te r  
per iod  o f  time, depending on the experiment, and the sus ta in ing  power as 
shown i n  the f i g u r e  i s  the average power o f  a1 1 equipment dur ing the 
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Figure 2 .  Peak Experiment P o w r  ( a t  Power Source) 
-10- 
shor te r  t ime durat ion. 
T% oeak power requirements a1 so show the du ra t i on  o f  the peaks. 
Where more than one peak occurs o f  s i m i l a r  magnitude both are shown. 
Where two i d e n t i c a l  peaks occur w i t h  on ly  several &;inutes o f  separa i i cn  
they are represented as one o e ~ k  w i t h  a t o t a l  dura t ion  equal t o  the sum 
3 f  the durat ion o f  each peak. 
The energy requirements f o r  one cyc le  o f  each o f  the twel ve exper i  - 
rnents were a1 so determined and a re  summarized i n  F igure 3. The energy 
requirenents are a t  the energy source and i nc l ude  the t o t a l  energy fro111 
turn-on t o  t u rn -o f f  of  the core and thermal equipment. 
The sus ta in ing  and peak power requirements t o r  each o f  the twelve 
experiments presented i n  Figures 1 and 2 a re  r e l a t i v e l y  high. 
One reason i s  because cotmercial  equipnent designers have n o t  had a great  
deal o f  concern about power cxtsumption. Also, the e l e c t r i c a l  load analy- 
ses conducted dur ing t h i s  study a re  based upon t y p i c a l  equipmect and some 
worst-case condi t ions.  When a dec is ion was requ i red  under the above con- 
d i  t i ons  a worst-case o r  near-wors t-case cond i t ion  was usual l y  se l  ected. 
A refinement o r  scrubbing o f  t he  experiment equipment requirements and 
t ime l i n e s  and poss ib le  inc reas is  i n  power cond i t i on ing  e f f i c i e n c i e s  by 
i d e n t i f y i n g  equipment t h a t  does n o t  r equ i re  regulated s i ne  wave AC could 
r e s u l t  i n  some decrease i n  the power requirements. 
The susta in ing and peak SPA experiment e l e c t r i c a l  power requirements 
a t  the source were compared t o  the average and peak e l e c t r i c a l  power a l l o -  
ca t ions  t o  the SPA experiment from the Shu t t l e  Orb i  ter/Spacelab and f r o m  
the PHRK as shown i n  Table 3. The "x ' s "  Jn the t ab le  i na i ca te  rndr  ~ r ~ t !  
a l l o c a t i o n  concept average o r  peak power c a p a b i l i t i e s  s a t i s f y  the sus ta in -  
i r g  o r  peak power requirements , respect ively,  o f  t h a t  experiment. The 
Spacelab a1 l oca t i on  from Concept 1 o f  4 t o  4.8 KW average does n o t  s a t i s f y  
any o f  the 12 SPA experiment sust, l in ing power requirements. However, f i v e  
o f  the experiments peak power requirements are s a t i s f i e d  by the 9 KW peak 
Spacelab a l l oca t i on .  The use o f  a PHRK w i t h  one fue l  c e l l  (Concept 21, 
7 KW average and 12 KW f o r  15 minutes, s a t i s f i e s  both the sus ta in ing  and 
peak requirements o f  seven o f  the twelve SPA experiments. Concepts 1 and 
2 were combined t o  ob ta i n  Concept 3 t o  g i ve  an average c a p a b i l i t y  o f  'I I t o  
SOURCE ENERGY INCLUDES: 
EXPERIMENT EQUIPMENT LOAD 
CORE EQUIPMENT LOADS 
THERMAL CONTROL LOADS 
90% POWER FACTOR 
70% INVERTER EFFICIENCY 




Figure 3. Experiment Energy Requirement a t  Power Source 
( ~ n e r g y  per Experiment Cycle) 
X X X X X X  
11.8 KW and 21 KW peak. Th is  concept o f f e r s  no s i g n i f i c a n t  advantage over 
Concept 2 as the sus ta in ing  power requirement o f  on l y  one add i t i ona l  ex- 
periment i s  sa t i s f ied ;  no add i t iona l  peak requirements are s a t i s f i e d  by 
t h i s  concept. A two-fuel - c e l l  PHRK, w i t h  a c a p a b i l i t y  o f  14 YW average and 
24 KW peak fo r  15 minutes, (Concept 4)  s a t i s f i e s  e l  even o f '  the twel ve SPA 
experiment susta in ing power b u t  o n l y  seven of  the SPA experiment peak 
power requirements. A l l  of  the experiments' susta in ing and peak power re -  
quirements are s a t i s f i e d  by the average c a p a b i l i t y  o f  18 t o  18.8 KW 2nd 
peak capabil i t y  o f  32 KW f o r  15 minutes f o r  Concept 5. 
To perform a l l  o f  the  twelve i d e n t i f i e d  SPA experiments requ i res  a 
two-fuel - c e l l  PHRK i n  add i t i on  t o  the Spacel ab experiment a1 loca t ion .  A 
s i g n i f i c a n t  increase i n  the Spacel ab subsystem requirements w i l l  resu l  t i n  
a s i g n i f i c a n t  decrease i n  the power a l l oca ted  t o  the experiments froin the 
Spacelab and could r e s u l t  i nconcept  5 n o t  being ab le  t o  s a t i s f y  a l l  o f  
the experiment requirements. If the experiment a1 1 ocat ions a3 i nd i ca ted  
i n  Table 3 are derated thpn, 3s can be seen, the number o f  experiments 
t h a t  can be operated 1 5  +creased. Without the PHRK none o f  the exper i -  
ments are f u l l y  s a t i s f i e d  
3.1.2 9 e f i n i t i o n  o f  Power Source - Fdel Ce l l s  
To p roper ly  determine t he  e l e c t r i c a l  power requirements i t  i s  neces- 
sary  t o  design and/or t o  know the cha rac te r i s t i c s  o f  the e l e c t r i c a l  power 
source and t o  be ab le  t o  r e f l e c t  the loads t o  the  source. Th is  sec t ion  
w i l l  def ine and descr ibe the e l e c t r i c a l  power source, as r~iuch as i s  
ava i lab le .  
The e l e c t r i c a l  power source t h a t  suppl ies e l e c t r i c a l  energy t o  the  
SPA experiments w i l l  be Shu t t l e  type fue l  c e l l s .  The f u e l  c e l l  s may be 
the Shu t t l e  fuel c e l l s ,  the PHRK (see Sect ion 3.1.3) f u e l  c e l l s  o r  both. 
Two d i f f e r e n t  fuel c e l l s  are being considered f o r  the Shu t t l e  O r b i t e r  
and whichever one i s  se lected by NASA-JSC wi 1 1 be used f o r  a1 1 appl i ca -  
t i o n s  t o  avo id dup l i ca t i on  o f  development. Because a fue l  c e l l  has n o t  
present ly  been se lected the  manufacturers are s t i l l  i n  a compet i t ive mode 
and de ta i l ed  data are n o t  r e a d i l y  ava i lab le .  Althuugh the two types o f  
f ue l  c e l l s  under development a re  requi red t o  meet a common spec i f i ca t i on ,  
they d i f f e r  i n  many respects p a r t i c u l a r l y  i n  the type o f  e l e c t r o l y t e  used. 
The l a t e s t  ava i l ab le  data w i l l  be presented. I n  most cases the worst  case 
cond i t i ons  o f  the known fuel  c e l l  c h a r a c t e r i s t i c s  were used i n  analyses. 
The two foe1 c e l l  types t h a t  a re  being considered f o r  the Shu t t l e  
O r b i t e r  a re  a  ma t r i x  f ue l  c e l l  proposed by P r a t t  and Whitney and an i o n  
exchange f ue l  c e l l  under development by G e ~ e r a l  E l e c t r i c .  Each o f  the  
f u e l  c e l l  e l e c t r i c a l  power generat ing systems con ta in  t he  fuel c e l l  stack,  
val  ves and p l  umbing f o r  reac tan t  con t ro l  , a  coo'! an t  pump, water separator,  
and heat exchanger. The design and performance c h a r a c t e r i s t i c s  o f  both 
f ue l  c e l l  types are summarized i n  Table 4. 
More d e t a i l e d  and up t o  date c h a r a c t e r i s t i c s  o f  t he  f ue l  c e l l s  are 
contained i n  the summary i n  Table 6. I t  i s  apparent t h a t  some of 
these c h a r a c t e r i s t i c s  a re  s t i l l  changing b u t  no t  s i g n i f i c a n t l y .  Se lec t ion  
o f  a  f ue l  c e l l  manufacturer should r e s u l t  i n  more firm cha rac te r i s t i c s .  
The c h a r a c t e r i s t i c s  shown were used i n  the  design o f  the  PHRK and f o r  the 
thermal con t ro l  i n t e r f a c e  designs. Each o f  these sect ions c a n t a ~ n  ad- 
d i t i o n a l  data on the f ue l  c e l l  generat ing system t h a t  appl i e s  t o  t h e i r  
design. 
Several thermal i n t e r f aces  between the e l  ec tri ca l  power and therlnal 
con t ro l  subsystems were evaluated du r i ng  the  study. The pr imary i n t e r -  
face i s  the  d i s s i p a t i o n  o f  a l l  e l e c t r i c a l  energy cor~sumed by the exper i -  
ments. That i s ,  the energy under t he  experiment power source p r o f i l e s  
must be d iss ipa ted  by the  thermal con t ro l  subsystem. The d i s s i p a t i o n  o f  
t h i s  energy requi res add i t i ona l  e l e c t r i c ~ l  energy f o r  opera t ion  o f  the 
thermal con t ro l  equipment which i n  t u r n  increases the  e l e c t r i c a l  energy 
t h a t  must be d iss ipa ted .  Other thermal i n t e r f aces  t h a t  were considered 
a re  the  d i s s i p a t i o n  o f  heat  from the f ue l  c e l l  s  and the by-product water 
produced by the f ue l  c e l l s  f o r  poss ib le  use by the thermal con t ro l  
subsys tern. 
Based upon the  experiment l oad  requirements and assuming t he  use 
o f  the PHRK (Sec t ion  3.1.3), a  thermal con t ro l  pump system e l e c t r i c a l  
power requirement o f  470 wat ts  continuous was determined t o  s a t i s f y  the 
thermal con t ro l  subsys tern requirements. The approach assumes t h a t  any 
experiment equipment t h a t  receives power from the Space1 ab uses the 
Spacelab thermal con t ro l  capabi l  i ty. 
Table 4. Fuel C e l l  Performance 
Vendor 
E l e c t r o l y t e  
Voc ( pe r  c e l l )  
Vo a t  r a t e d  l o a d  (pe r  c e l l )  
Coo l ing Method 
Rated Output  Power 
Maximum Output  Power 
Nominal c u r r e n t  densi t y  
Stack Temperature 
Reactant I n l e t  Pressure 
Heat generated a t  r a t e d  load 
E f f i c i e n c y  
I n h e r e n t  Vol t a  e Regula t ion 
(0.5 t o  ?.O kW 7 
Shor t  c i r c u i t  c u r r e n t  
Weight 
S p e c i f i c  Weight 
S p e c i f i c  Reactant 
Consumpti or. 
r l a t r i x  




Pumped 1 i q u i d  coo lan t  p l u s  
open c y c l e  H20 b o i l i n g  a t  
backup 
7 kW 
14 kW ( w i t h  open c y c l e  
coo l  i ng) 
1300 amp/m2 (120 amp/ f t2)  
88°C (190°F) - 






110 kg (245 l b )  
16 kg/kW (35 lb/kW) 
0 .4  kg/kWH (0.9 lb/kWH) 
has been s e l  ec ted.  
-1 6- 
I o n  Exchange 
GE 
S o l i d  polynler 
1.23 V 
0.93 V 
Pumped 1 i q u i d  
coo lan t  
7 k bl 
14 kW ( s h o r t  d u r a t i o n )  
1400 amp/m2 ( 1  30 amp/ f t Z )  
82°C (183°F) 





146 kg (325 l b )  
21 kg/kW (46 lb/kW) 
0.4 kg/kWH (0 .9  lb/kWH) 
C e l l  SPA 74-//-r 
Tab1 e 5. S h u t t l e  F u e l  C e l l  C h a r a c t e r i s t i c s  
L I F E  WITHOUT VAINTENANCE 2,000 HR MINIMUM 
50  CYCLES (START-STOP) 
9 0 0 0  KWH 
L I F E  WITH MAINTENANCE 






HEAT GENERATED (RATED LO.G; 
S I Z E  
ALL DIMENSIONS 
ARE MAXIMUM 





1 2 5  CYCLES (START-STOP) 
22 ,500  KWH 
1 0  YEARS 
4 0  VOLTS ( V o c )  
27 .5  - 32.5  Vd, @ 2 . 0  TO 1 2 . 0  KW 
2 . 0  TO 7.0 KW STEADY STATE 
UP TO 1 2  KW FOR 1 5  MINUTES 
UP TO 10  KW FOR 1 HR (EMERGENCY) 
5 4 5  AMPS FOR 1 MINUTE MINIMUM 
GASEOUS HYDROGEN 
GASEOUS OXYGEN 
Hz AND O2 
1 2  HOUR MINIMUM INTERVAL 
0 . 3  L B  PER KWH 
2 4 5  L B  ( P  & W )  
3 2 5  LB (GE) 
The PHRK ha: a  1  i m i t e d  r a d i a t o r  area and add i t i o r  1  cool i n g  capa- 
b i l  i t y  i s  required, the re fo re ,  t he  f ue l  c e l l  by-product water i s  made 
ava i l ab l e  f o r  t h i s  purpose. The water product ion r a t e  f o r  each f ue l  c e l l  
i n  pounds per hour i s  shown i n  F igure 4 as a  f unc t i on  o f  ne t  power 
ou tpu t  o f  the f ue l  c e l l s  i n  k i l owa t t s .  As noted t he  water product ion r a t e  
f o r  both the General E l e c t r i c  and P r a t t  and Whitney f ue l  c e l l s  i s  near t he  
maximum r a t e  shown. The water w i l l  be del  i ve red  t o  a  water storage tank 
t h a t  contains a  p o s i t i v e  expuls ion system t o  a1 low the water t o  be used 
f o r  thermal con t ro l .  
As an a i d  i n  the  d e f i n i t i o n  o f  requirements and .i:. e lesigr:  o f  the 
thetmal con t ro l  subsystem i n  the PHRK the heat  r e j e c t i o ~  n : j  coolant  e x i t  
temperatures f o r  both the  General E l e c t r i c  and the F r a t t  m a  Wki tney f ue l  
c e l l s  are presented i n  F igure 5 as a f unc t i on  o f  gross Dower o u t ~ u t  
from the f ue l  c e l l s  i n  KW. The i n d i v i d u a l  f ue l  c e l l  s  w i l l  operate between 
2 KWand 12 KWeach. With both f ue l  c e l l s  o p e r a t i ~ g  t he  minimum power w i l l  
be 4 KW. The data presented i n  F igure 5 represents t y p i c a l  parameters 
r a t h e r  than f i n a l  design values. 
The heat r e j e c t i o n  requi rensnts  fo r  e i t h e r  o f  the f u e l  c e l l  types i s  
no t  s i g n i f i c a n t l y  d i f f e ren t .  The d i f fe rences  i n  the  coo lan t  e x i t  tempera- 
tures are be l ieved t o  be p r i m a r i l y  due t o  coo lan t  f l ow ra tes  bu t  t h i s  has 
n o t  been v e r i f i e d .  A f ue l  c e l l  manufacturer has n o t  p resen t l y  been se lec t -  
ed; however, f o r  purposes o f  t h i s  study the  worst  case data a re  assumed 
re1 evan t. 
3.1.3 Power/Heat Reject ion K i t  
As p rev ious ly  discussed i n  Sect ion 3.1 .I suppl m e n t a l  and/or peaking 
e l e c t r i c a l  power sources are requ i red  t o  s a t i s f y  the  SPA experiment e lec -  
t r i c a l  power requirements. Th is  powermust be k i t t e d .  Two types o f  
k i t s  were considered; a  b a t t e r y  k i t  f o r  supplemental and/or peaking re -  
qu i  rements and a Power-Hea t Re jec t ion  K i t  (PHRK) f o r  supplemental power 
requirements. The l a t t e r  was se lected f o r  d e t a i l e d  ana lys is  and i s  d i s -  
cussed here. 
A PHRK suppor t ing the Spacelab o f f e r s  a  s o l u t i c n  t o  s a t i s f y  the SPA 
experiment power and thermal con t ro l  requirements. K i t  packaging concepts 
NET POWER - KILOWATTS 
FIGURE 4 . .Ftrel Cell Power P l a n t  Water Seneration Rate 
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Figure 5 . Fuel Cel l  Module Heat Rejection & Coolant E x i t  Temperaturn 
and equipment storage a re  
Th6 e l e c t r i c a l  power p o r t  
cussed i n  t h i s  sect ion.  
shown and discussed i n  Sections 4.0 and 5.0. 
i o n  o f  the K i t  and i t s  i n t e r f aces  w i l l  be d i s  
The e l e c t r i c a l  power subsysteni o f  the PHRK i s  made up o f  two f ue l  
c e l l s  , oxygen and hydrogen reac tan t  tank assembl ies,  water storage tanks, 
plumbing, cab l i ng  and i nve r t e r s  t o  conver t  the  nominal 28VDC f ue l  c e l l  
ou tpu t  t o  AC power. A simpl i f i e d  b lock  diagram o f  the e l e c t r i c a l  power 
subsystem i s  shown i n  Figure 6. The e l e c t r i c a l  power system has an 
"u tpu t  f r o m  both f ue l  c e l l s  o f  up t o 1 4  Kk'average w i t h  peaks o f  up t o  
24 KW f o r  up t o  15 minutes durat ion.  Higher peaks can be sustained f o r  
sho r t e r  per iods o f  t ime and lower peaks f o r  longer  per iods.  The fuel c e l l s  
have an emergency capabi l  i t y  o f  10 KW f o r  one hour which was assumed t o  be 
a c a p a b i l i t y  f o r  t h i s  study. The reac tan t  tank assemblies p r o v i d ~  f o r  
cryogenic storage o f  hydrogen and oxygen t o  p .av ide about 1000 KWH o f  
energy. 
A flow diagram o f  a  f l iel c e l l  power p l a n t  i s  shown i n  F iqure 7. 
This  i s  a  simpl i f i e d  diagram based upon the  S h u t t l e  O r b i t e r  f ue l  c e l l  
design. The subsystem i s  made up o f  two f ue i  c e l l s  w i t h  each o f  t h e i r  
i n t e r f aces  t i e d  together  as shown. The fuel c e l l  power p l a n t  in te r faces  
a re  the oxygen and hydrogen reac tan t  i n l e t s ,  vents f o r  oxygen and hydrogen 
purge and water, coo lant  i n l e t  from and o u t l e t  t o  a  theniial con t ro l  heat 
exchanger, and the p r i n c i p a l  outputs  o f  e l e c t r i c a l  power t o  the  loads and 
by-product water t o  storage tanks. 
Oxysen and hydrogen a re  suppl i e d  t o  the fue l  c e l l  i n1  e t ;  the r e -  
actants  a re  heated w i t h i n  the power p l a n t  be fo re  en te r i ng  the c e l l  s tack 
where e l e c t r i c a l  power i s  generated by the electrocheni ical  r eac t i on  o f  
oxygen and hydrogen. The e l e c t r i c a l  power i s  de l i ve red  t o  the equipment 
loads through the  power cond i t i on i ng  and d i s t r i b u t i o n  elements. Th is  re -  
ac t i on  has an e f f i c i e n c y  o f  about 60:. r e s u l t i n g  i n  the generat ion o f  heat 
which i s  c a r r i e d  away by the  coo lan t  loop. The coo lan t  passes through the  
thermal con t ro l  heat exchanger where the  thermal con t ro l  subsys ten1 p i cks  
up the hzat  f o r  d i s s i pa t i on .  The water i s  c o l l e c t e d  i n  spec ia l  storage 
tanks and i s  used t o  s a t i s f y  add i t i ona l  thermal c o n t r o l  requ i  remen t s  , such 





































































































































































































































































used t o  he lp  111~3intai l i  trie v rh ic  i e  i. y. ds the re l?ctdnts are consusled; 
( 2 )  i t  could  a f f e c t  the opet-ation o f  some o f  tht? e\peri i i ients; drld ( 3 )  t o  
acco~~nl~odate the pt-evidus l v  lilent i o ~ i e d  t t i e ~ w a l  contt-01 w q u i  I-eme~:ts The 
water t a l k s  at-e s ized t o  s t o re  a1  1  o f  the water t h a t  i s  produced b j  the 
fuel  c e l l s  arid not I -equ iwd by the the,-ri~dl sontt-ol subsystem. l h e  f u e l  
ce l  1  stack i s  p u q e d  by h,ci)-ogen arid dxygell n t  r!;ir;iniunl i n t e r v a l s  o f  12 hours. 
Each power p l m t  i s  capable o f  p r o v i d i ~ ~ q  27.5 t o  32.5 vol t s  o f  DC 
power ever qx p w e r  b-dnge o f  "to 1, n:,! fot- 1 5  i i~ inu tes .  The desig:, ,;;I 
f o r  c0t.r-ating 1  i f e  i s  ?,!'I 7c' '% b rs  w i thou t  ~nain tenanie  and 5,000 h~u t - s  
w i  t h  maintenance. This ins1 udes 50 s t a r t ' s  i,?; L:;L :ES \ t i  t h  no . I ritenance 
and 125 s t a r t i s t c p  cycles w i t h  maintenance. 
The source a f  energy f o r  the  fuel ce l  Is i s  provided by s u ~ e t - c r i t i c a l  
cryogenic storage dewars ~ h i c h  supply oxygen and bydroger: t o  the f ue l  c e l l  
power p lan ts  The reactants  s tc red  i r i  the dewars are maintained a t  a  
pressure y rea te r  than the f l  ; ! i 3 - i r i  t i c 2 1  p r e s s ~ r e .  Therefore, reac tan ts  
are suppl ied i n  a  s i n g l e  t l u i d  s t ~ t e  by simple pressure feed. The nominal 
pressure o f  250 ps ia  f o r  hydrol;en and 900 ps ia  f o r  oxygen i s  n:aintained by 
supply ing heat t o  the f l u i d  when the pressure i n  the d w a r s  drop below a 
rilinirnum a l  lowed pressure 1  i m i  t. The reac t2n t  tank assembly for  t he  PHRK 
i s  shown i n  FSgut-e S .  The tank dssenll~l ies inc lude  the heaters, n?mlos, 
f i l  ters ,  vai ves, and i o ~ i t t - ' ~ l  loops t o  n ia in td in  storag: c l f  t he  reactants  
and t o  supply then1 t o  the power p lan ts .  The in te r faces  f o r  f i l l ,  dra in ,  
vent and supply a re  a l sc  shown. The PHRK i s  m d e  up o f  one o r  more each 
men t a  1  
t o  the 
o f  the oxygen dnd hydrogen tank asser~bl  i es .  
3.1.4 Power Ccndi t i o n i x  and D i s t r i b u t i o n  
------ --- --- 
The e l e c t r i c a l  power d i s t r i b u t i o n  subsysteni ~ d d r r s s e s  SPA payload 
design prcblenis deal i n g  w i  tl: power processing, d i s t r i b u t i o n ,  and con t ro l  
as i t  enminates from the power sgurce ( f u e l  c e l l  s)  to  se lected exper i  - 
equi pmen t. 
The e l e c t r i c a l  d i s t r i b u t i o n  subsys ten1 provides the f o l  lowing f unc t  
e l e c t r i c  power subsystem in te r face :  













































































































































































































r Signal d i s t r i b u t i o n .  
e Signal c m d i  t i on ing .  
r In terconnect ion o f  a1 1  e l e c t r i c d l  i n te r faces .  
The power d i s t r i b u t i o n  s ~ ~ b s y s t e n  w i l l  be const ra ined i n  design by 
the f o l l ow ing  f ac to r s :  
e The 28VDC fue l  c e l l  bus sha l l  be protected by DC 
c i r c u i t  breakers. 
r The DC-AC i n v e r t e r s  a re  t o  be s e l f  p r o t e c t i n g  f o r  
ovarvo l tage on the i n p u t  as we l l  as cver l cdd  and 
sho r t  c i r c u i t  o f  the  output.  
e The low power ou tpu t  feeder 1 ir ies (XJVA) shai 1  be 
p ro tec ted  by AC c i r c u i t  breakers. 
r The h igher  power ou tpu t  feeder 1  ines s h a l l  be pro-  
tec ted  by f a u l t  detectors  which w i l l  c leat*  the . 
fau l  ted bus. C i r c u i  t breakers a re  no t  p r a c t i c a l  
on t he  h igher  powered buses because i n s u f f i c i e n t  
over load cu r ren t  i s  ava i l ab l e  t o  t r i p  the breakers. 
s ince  the source i s  a  cu r ren t  l i n i i t e d  i nve r t e r .  
3 . 1 .  Concepts an3 ,9 l te rna t i ves  -
The e l e c t r i c a l  power d i s t r i b u t i o n  subsystel~l takes the a v a i l  ab le  
source power and d i s t r i b u t e s  t h i s  power t o  the esperiniental equipment i n  
a  safe and e f f i c i e n t  manner. The f o l l o w i n g  d i s t r i b u t i o n  s y s t e m  were 
considered: 
r 28VDC d i s t r i b u t i o n  system 
r 60Hz AC d i s t r i b u t i o r ;  system 
r 400Hz AC d i s t r i b u t i o n  sys ten1 
r 1600Hz AC d i s t r i b u t i o n  systeni 
3.1.4.2 Evaluat ion and Comparison 
The e l e c t r i c a l  power d i s t r i b u t i o n  subsys tern se lected f o r  t r l ~  Space- 
1 ab experinlent equipnient should i n t e r f a c e  w i t h  the  co~i i i ie rc ia l  l y  a v c i l  ab le  
experiment equipnient w i t h  a  niininium o f  mod i f i ca t i on .  
The experiinent equi  pilient se lected f o r  the Space1 ab riiiss i on  are com- 
i ne r c i a l l y  a v a i l a b l e  u n i t s  o y e r ~ t i n g  from a  115V 60Hz o r  400Hz bus. The 
i i la jor i  ty of  the u n i t s  a re  ra ted  f o r  a  60Hz bus, bu t  w i t h  ni i~ iot-  
modif icat ions, can be adapted t o  operate o f f  o f  a 400Hz o r  higher 
frequency bus. 
For high power experiment loads requ i r i ng  precise power cont ro l ,  a 
higher frequency system i s  desirable. ! i i t h  a low frequency system, pro- 
por t ional  contro l  (phase contro l  ) i s  required t o  obta in the regu la t ion  
accuracy whereas w i t h  a higher frequency system, zero switching cont ro l  
can be u t i l i z e d .  Proport ional contro l  o f  h igh power loads r e s u l t  i n  h igh 
EM1 being generated since switching occurs dur ing a cycle. 
The 115VAC a t  40dHz i s  selected f o r  the low power experiment bus 
f o r  the fo l low ing reasons: 
0 Cower cab1 i n g  weight than 28VDC, 
0 Minor o r  no mod i f i ca t ion  required on experiment 
equipment. 
0 Voltage 1 eve1 can be changed r e a d l l y  by transformers. 
0 Avai 1 a b i l  i t y  o f  c i r c u i t  breakers. 
a Airborne qua1 i f i  ed and spec i f ied  by MIL-STD-704. 
The 115VAC, 3 9 ,  4 w i re  a t  1600Hz o r  1 bOOHz i s  selected f o r  the 
h igh  power experiment bus. 
Table 6 provides a t radeo f f  i n  s ize  and weight f o r  DC to  AC i n -  
ver ters f o r  60Hz, 400Hz and 1800Hz. 
TABLE 6 
DC to AC Inve r te r  Size and Weight Com~arison 
Freq . 
60Hz 
Output VA Wei qht - Size 
1 500VA 145 1 b 17-114x15 9/16x10-112 
3.1.4.3 Concept Select ion 
The e l e c t r i c a l  d i s t r i b u t i o ~ i  subsystem w i l l  be l i m i t e d  t o  the power 
sources and requirements that. arz i v a i l a b l e  t o  the Spacelab from the 
Shut t le  and any onbnard primary o r  secondary sources o f  power as desig- 
nated by the e l e c t r i c a l  power subsystem. The basel ine power d i s t r i b u t i o n  
system f o r  the Spacelab i s  an AC system tha t  u t i l i z e s  400Hz, s ing le  phase 
inver te rs  f o r  low power and 1800Hz o r  1600Hz, three phase-4 w i re  i n -  
verters f o r  high leve l  power. An addi t ional  design cons t ra in t  f o r  power 
d i s t r i b u t i o n  i s  t h a t  manual switching be considered as base1 i ne  f o r  the 
system. A l l  power and signal d i s t r i b u t i o n  must consider the impact of 
electromagnetic in ter ference and tha t  s u f f i c i e n t  safeguards be made 
ava i lab le  t o  minimize the e f fec ts  o f  shor t  c i r c u i t s  a t  one load from 
in f luenc ing  o ther  experiments. 
Figure g presents a b lock diagram o f  the Spacel ab power d i s t r i  - 
but ion system. Two i so la ted  28VDC primary power buses provide the power 
requirements f o r  the experiment loads o f  the Spacelab. 
Power conversion from 28VDC t o  400Hz and 1800Hz AC i s  accomplished 
by s t a t i c  DC t o  AC inver ters.  For the 400Hz d i s t r i b u t i o n  bus, four 1500VA 
inver te rs  are connected i n  pa ra l l e l .  The i nve r te rs  are frequency and 
phase synchronized t o  prevent djnamic in te rac t ions  and sys ten1 i ns  tab i  1 i ty.  
Each o f  the 1500VA inver te rs  can be fu r the r  d iv ided i n t o  smaller VA r a t -  
i ng  inver te rs  for redundancy consideration. The 1800Hz, 3 $ i n v e r t e r  
shown as a s ing le  block can be made up o f  several inver te rs  connected i n  
para1 l e l  . When considering safety aspects o f  the system, the inver te rs  
are se l f  p ro tec t ing  f o r  overvoltage on the i npu t  as wel l  as overload and 
shor t  c i r c u i t  o f  the output. 
A va r i e t y  o f  switches and sensors are needed f o r  load an6 i nve r te r  
ON/OFF cont ro l ,  f o r  p ro tec t ion  o f  the primary buses, and f o r  removal o f  
f a u l t y  loads and inver ters.  The i npu t  power junc t ion  box contains c i r c u i t  
breakers and f a u l t  sensors f o r  i n v e r t e r  i npu t  power pro tec t ion  and switch- 
ing. C i r c u i t  breakers can be used on low VA rated inver te rs  since enough 
overload current  i s  available from the bus t o  t r i p  the breaker. As the 
VA r a t i n g  of the i n v e r t e r  approaches the VA r a t i n g  of the bus, c i r c u i t  



















































































































































































































































































































































































i s o l a t i o n  must be used. A f a u l t  detector which senses both voltage and 
current  i s  therefore used on a l l  high power appl icat ions.  
The output power junc t ion  box contains c i r c u i t  breakers, switches 
and faul  t sensors f o r  the load buses. The VA r a t i n g  o f  the load buses 
should be k e p ~  as low as possible f o r  p ro tec t ion  purposes. A switch a c t i  - 
vated by f a u l t  detect ion c i r c u i t r y  i s  provided on the  output o f  each i n -  
ver ter  m o d ~ l e  so tha t  a f a u l t y  module can be iso;cted from the bus. 
Consideration should also be given t o  ~nodular ize both the input  and 
output junc t ion  boxes i n t o  several separate modules so tha t  i n  case o f  a 
major f a u l t ,  some bus pro tec t ion  i s  provided by the physical separa t ion  
o f  the switching elements. I f  a l l  the c i r c u i t  breakers and f a u l t  de- 
tectors were contained i n  a s ing le  enclosure, an overheating o r  f i r e  could 
jeopardize the compl ete sys tem. 
3.2 THERMAL CONTROL SUBSYSTEM OF POWERIHEAT REJECTION KIT ' 
The thermal contro l  subsystem i s  designated the task o f  maintaining 
the environment o f  the experimental modules and pay1 oad equipment w i t h  
spec i f ied  temperature l i m i t s  dur ing the e n t i r e  mission. Heat d i ss ipa t i on  
i s  accomplished by systems t h a t  combines co ld  p lates,  fans, heat exchanger, 
pumps, accumulators and re1 ated tubing and contro l  s. 
3.2.1 System Descript ion 
The PowerIHeat Reject ion K i t  (PHRK) thermal contro l  subsys tem (TCS) 
consists o f  a pumped l i q u i d  loop which re jec ts  thermal energy t o  space v i a  
a thermal rad ia to r  located rJn the e x t e r i o r  o f  the PHRK structure.  n 
sfmpl i f i e d  schematic o f  the TCS i s  shown i n  Figure 10. AS shown, the 
system i s  a l i q u i d  loop using two rad ia tors  t o  r e j e c t  the thermal energy 
absorbed from the fuel  ce l l s ,  e lec t ron ic  equipment and furnace. The 
primary rad ia to r  i s  a n igh temperature rad ia to r  f o r  high heat re jec t i on  
and the secondary rad ia to r  i s  t o  provide temperature drop i n  approximately 
ten percent o f  the f low f o r  cool ing room. temperature operat ing e lec t ron ic  
equi pment . 
Since the area ava i lab le  f o r  rad ia tors  i s  no t  s u f f i c i e n t  t o  provide 
the waste heat r e j e c t i o n  r a t e  required by the h igh  heat dissipaq:ing SPA 
payloads (e.g., Furnace Subelement Experiments), a thermal capacitor i s  
included i n  the system downstream of the primary rad ia tor .  The capacitor 
serves the funct ion o f  s to r i ng  the thermal energy tha t  exceeds rad ia to r  
capaci t; u n t i l  such a time as the thermal load f a l l s  w i t h i n  rad ia to r  capa- 
b i l i t y .  A t  t h i s  time the thermal energy i s  removed from the capacitor and 
re jected to  space through the radiators.  
Figure 10 shows the PHRK TCS f o r  the autonomous k i t  operation. For 
those missions where the k i t  i s  ill support o f  SPA payloads w i t h i n  the Space- 
lab, the furnace and e lect ronics por t ions o f  the coolant loop could be re- 
placed w i th  i n te r face  heat exchancws t o  provide cool i ng  (Figure 11). 
These heat exchangers would be 1 iqu id- to-1 i q u i d  type where the Space1 ab 
coolant would be water ( o r  another su i t ab le  cool ant). I t  i z  desirable to 
keep Coolanol 15 from the inhabi table area o f  the Spacelab where furnace 
temperatures could exceed 160°F due to  the f i r e  hazard associated w i th  t i le 
r e l a t i v e l y  low a u b - i g n i  t i o n  p o i n t  o f  the Coolanol . 
3.2.2 System Analysis 
A system themal  analysis was conducted to  assess the capabil i t i e s  
of the system described i n  3ect ion 3.2.1. The per t inent  parameters o f  the 
analysis are shown on Figure 10. As shown, a system f low r a t e  o f  4000 
I b/hr was selected t o  maintain a r e l a t i v e l y  uniform teqperature i n  the 
primary rad ia to r  t o  maximize rad ia to r  effect iveness. This high mass f?;w 
r a t e  resul t s  i n  a high pump power requirement as shown on the f igure.  
The thermal capacitor charac ter is t i cs  chosen f o r  the analysis are 
those o f  s tea r i c  ac id xhich i s  a 1 i k e l y  phase-change mater ia i  f o r  t h i s  
type o f  system. I t  may prove desi rable t o  se lec t  various phase-change 
materials depending on the p a r t i c u l a r  mission t o  be flown ( i  .e., autonomous 
o r  Spacelab support r o l e  f o r  the PHRK). 
Based on the heat d iss ipat ions shown i n  Figure 10, the themal  
control  system heat r e j e c t i o n  i s  shown i n  Figure 12. For the purpose o f  
the analysis, the e l e c t r i c a l  power wzs assumed t o  be an instantaneous 
thermal load. I n  real  i ty, the thermal mass associated w i th  the e l e c t r i c a l  
power dissipaters w i l l  tend to  reduce the peak load and/or shorten i t s  
expressed duration. The system heat r e j e c t i o n  (expressed as a1 lowabl e 
duty cycle f o r  the e l e c t r i c a l  load) i s  shown f o r  the base1 i n e  system and 





















































































































































































































































Also shown i s  the e f f e c t  o f  rad ia to r  s ink temperature which can mate r ia l l y  
increase the a1 lowable peak power duty cycles. 
Since the TCS capabi 1 i t y  i s  based on use o f  a thermal capa:i to r ,  the 
volume ( o r  mass) o f  phase-change material  can be varied t o  increase operat- 
i n g  times for peak loads. The required weight (not  inc luding container) 
i s  shown i n  Figure 13. For example, t o  obta in a capabil ity o f  a 4 :W 
peak f o r  30 minutes requires 100 pounds o f  heat sink material .  Addit ional 
operating time can be obtained f o r  a 4 KW load a t  the r a t e  o f  3.3 pounds 
o f  phase-change material  per  addi t ional  minute o f  operation. 
I f  i t  i s  assumed t h a t  the inherent thermal mass o f  the PHRK i s  such 
as tr? increase the allowable duty cyc le by a fac to r  9 f  2 f o r  shor t  dura- 
t i o n  peaklloads ( ~ 2  hrs. ) conducting a furnace subelement experiment 
( t yp i ca l  power p r o f i l e  shom i n  Figure 14 would require a thermal ca- 
paci t o r  of approximately 500 pounds. I f  s tea r i c  ac id  i s  used as the 
phase-change mater ia l  , approximately 9 cubic f e e t  o f  material  i s  required. 
This mass can be reduced t o  400 pounds i f  the fue l  c e l l  water i s  u t i l  ized 
i n  all evaporator sys tem i ntegra! w i  t h  the TCS 1 oop. 
Table 7 gives a weight estimate of thermai capacitor required i n  
the PHRK t o  meet the various experiment heat d iss ipa t ion  requirements for  
l i m i t i n g  case assumptions. Table 7, as such, i l l u s t r a t e s  the heat re- 
j ec t i on  capacity as the preeminent l i m i t i n g  in ter face subsystem. Stear ic  
ac id  w i th  a heat o f  fusion o f  85.5 S tu / l b  was assumed as the capacitor 
material .  Capaci t o r  weights were cal cul ated f o r  autonomous operat ion of 
the PHRK and f o r  the case where 4.8 KW e l e c t r i c a l  equivalent heat i s  
dissipated by the Spacelab. Also, t he  e f f e c t  of venting fuel  c e l l  water 
w i t h  an evaporator i s  shown. The cases where zero capacitor weight 
i s  shown indicates tha t  the PHRK can handle the required thermal load i n  
a steady s ta te  mode. For a l l  o ther  cases the experiment repeat frequency 
must be constrained t o  a l low the thermal capacitor material  t o  re -so l i d i f y  
l ~ t e  repeat frequency can be determined from the duty cyc le curves shown i n  
Figure 13. 
The requirement f o r  thermal capacitor mass can be reduced by a1 lowing 
heat leak from the PHRK s t ruc ture  to  the Shut t le  bay st ructure.  With the 
Shut t le  bay doors open the bay s t ruc ture  approaches -lOOnF. f o r  a PHRK 
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structure temperature o f  100°F approximately 6 KW o f  thermal heat leak can 
be generated. This i s  equivalent to 245 pounds o f  phase-change material  
on l i n e  f o r  one hour. Another mans o f  reducing the capacitor mass re-  
quirement would be to  use a material w i th  a higher Btu/ lb rat ing. 
Materials are i n  existance w i th  values as high as 120 t o  130 Btu/ ib that  
change phase i n  the 150°F temperature range. However, a l l  the character- 
i s t i c s  c f  these material s have not  been thoroughly studied to  date. 
Further de f i n i t i on  o f  equipment to be included i n  the PHRK (notably 
e l  ectroni c s )  may a1 low the radiator  t o  operate a t  higher temperatures. 
The heat re jec t ion as a funct ion o f  f i n  r oo t  temperature i s  shown i n  
Figure 15. I f  electronic temperatures are a1 lowed to operate a t  loS°F 
o r  above, 1 ess thermal capacitor material  would be requi red. 
3.2.3 Radiator S iz ing  
The f e a s i b i l i t y  o f  providing a heat re jec t ion  capabi l i ty  t o  allow 
the PHRK t o  operate a t  a steady s ta te  e l ec t r i ca l  load o f  up to  14 KW was 
investigated. The radiator  area requi remer, t s  were established as a func- 
t i o n  o f  the fuel  c e l l  stack's cocl ant e x i t  temperature because the fuel 
c e l l ' s  coolant temperature i s  the pr inc ipa l  parameter a f fec t ing the area 
requirements . 
To f u l l y  val idate the system defined herein, fur ther deta i led thermal 
analyses o f  the rad ia tor  heat re jec t ion  and evaluat40n o f  the coolant loop 
f l u i d  and pump requirements w i l l  be required. I n  order t o  achieve a rad i -  
a to r  system o f  high heat re jec t ion  density, port ions o f  the coolant loop 
must operate a t  temperatures i n  excess o f  370C (7OOF). This operating 
temperature 1 eve1 requires high sys tern operating pressures and speci a1 
considerations f o r  l i n e  connections and seals. 
3.2.3.1 System Def in i t ion 
The requirement t o  provide cool ing f o r  up to 14 KW o f  consumed elec- 
t r i c a l  power resu l ts  i n  a rad ia tor  heat re jec t ion requirement o f  up to  
23.5 KW. The addit ional 9.5 KW o f  thermal energy comes from the fue l  c e l l  
waste heat as shown i n  Figure 5 o f  Section 3.1.2. For the purposes o f  
PHRK rad ia tor  sizing, the P r a t t  and Whi teney fuel  c e l l  character is t ics 
were chosen based pr imar i ly  on the higher coolant e x i t  temperature o f  the 
un i t .  The 14 KW e lec t r i ca l  output i s  made up o f  two fuel  c e l l s  operating 
Table 8. Power and Heat Rejection 
K i t  Thermal Load Sources 




Fuel Cells (2) 9.5 Study Variable 
High Temperature Equipment 11 .O 
High Temperature Electronics 2.0 
Low Temperature Electronics 0.5 71 (160) 
TCL Pump(s) 0.5 177 (350) 
a t  the 7 KW output  l eve l .  The e l e c t r i c a l  output power i s  suppl ied t o  SPA 
payload equipment and i s  subsequently re jec ted  as waste heat w i t h i n  the 
thermal contro l  1 oop (TCL) . For the purpose o f  TCL d e f i  n i  t i on ,  the waste 
heat load sources were assigned as shown i n  Table 8. 
As shown i n  Table 8, various load sources a lso  have maximum a1 low- 
ab1 e temperature requirements. The a1 1 owable temperatures 1 i s ted  i n 
Tab1 e 8 were assigned as possib le l eve l s  f o r  TCL sys tem d e f i n i t i o n  purposes. 
Considering both the heat load sources and the associated temperature 
levels ,  a TCL s i m i l a r  t o  the schematic shown i n  Figure 16 i s  required. 
The rad ia to r  arrangement features three separate rad ia to r  sections. The 
h igh temperature sect ion provides f o r  r e j e c t i o n  o f  the waste heat f r o m  
high temperature q u a l i f i e d  equipment which provides f o r  a h igh  heat re jec-  
t i o n  dens! ty and a1 so minimizes the rad ia to r  area. However, t o  achieve 
the high i n l e t  cool an t  temperature necessary f o r  t h i s  rad ia to r  requires 
t h a t  a po r t i on  o f  the t o t a l  f low be d iver ted through t h i s  sect ion o f  the 
TCL. Attendant w i t h  t h i s  necessary lower coolant f low r a t e  w i  11 be a 
l a rge  temperature drop across the rad ia tor .  The temperature drop i s  such 
t h a t  achievement o f  s u f f i c i e n t  r a d i a t o r  ef fect ivenss (0 = 0.6) w i l l  
requi re subsectioning the rad ia to r  w i t h  rad ia to r  and bypass mixing o f  the 
cool ant. 
The second rad ia to r  sect ion (moderate temperature) provides f o r  re -  
j e c t i o n  of fue l  c e l l  waste heat w i t h  a rad ia to r  o u t l e t  temperature com- 
p a t i b l e  w i t h  the fue l  c e l l  cool ing requirements. Since the area o f  t h i s  
rad ia to r  i s  coupled to the fuel cei 1 waste heat r e j e c t i o n  and temperature 
requirements, i t becomes the governing rad ia to r  f o r  t o t a l  system rad ia to r  
area requirements. To mir~ imize the temperature drop i n  t h i s  rad ia to r  
(necessary f o r  a reasonable effectiveness; 0 = 0.8) the t o t a l  syste.n f l ow  
i s  passed through the rad ia to r  a f t e r  being mixed w i t h  the e f f l  uent f r o m  
the high temperature rad ia tor .  
A t h i r d  rad ia to r  sect ion provides the necessary temperature drop 
i n  J por t ion  o f  the f low t o  a l low cool ing o f  low temperature e lec t ron ics .  
The e x i t  coolant f r o m  the low temperature e lect ronics heat exchanger i s  
mixed w i t h  the o u t l e t  o f  the secondary rad ia to r  (moderate temperature) t o  















































































































































































































































































3 . 2 . 3 . 2  Sys tem Performance 
The t o t a l  r a d i a t o r  requirement i s  d i r e c t l y  dependent upon the l i m i t -  
i n g  fue l  c e l l  opera t ing  condi t ions,  s p e c i f i c a l l y  the f ue l  c e l l  coo lan t  
e x i  t temperature (Te). As such, the re1 a t ionsh ip  between' the f u e l  c e l l  
e x i t  coolant temperature and PHRK r a d i d t o r  area i s  presented i n  Figure 17. 
The requi red r a d i a t o r  area when compared w i t h  the ava i l ab le  area shows 
t h a t  the r a d i a t o r  system i s  1 im i t ed  t o  o n l y  one f u e l  c e l l  provided the 
f u e l  c e l l  can operate a t  an e x i t  coo lant  temperature o f  140 C (285 F) o r  
higher.  The ava i l ab le  rad ia to r  area i s  based on the PHRK exposed body 
surface (1  20° arc '  w i t h  a seven-foot-long rad ia to r .  A system us ing a de- 
ployed r a d i a t o r  such as shown i n  Figure 19 could prov ide f o r  one fuel  c e l l  
a t  nominal f u e l  c e l l  temperature o r  two f u e l  c e l l s  a t  an e x i t  coo lant  
temperature o f  approximately 150 C (300 F) .  A deployed r a d i a t o r  such as 
shown i n  F igure 18 would necessar i ly  r equ i re  f u r t h e r  assessment r e l a t i v e  
t o  the  e f f e c t s  o f  shadowing por t ions  o f  the s h u t t l e  r a d i a t o r  system ( b h j  
door rad ia to rs ) .  
3.2.3.3 System F e a s i b i l i t y  
The f e a s i b i l i t y  o f  the TCL described here in  i s  pred icated on many 
factors.  As shown, major design considerat ions a re  the fue l  c e l l ' s  operat-  
i n g  condi t ions and the ava i l ab le  r a d i a t o r  area. Re fe r r ing  t o  F igure 18 
and based upon the  nominal f u e l  c e l l  operat ing temperatures and the def ined 
area f o r  a kit/body-mounted, 120' angle rad ia to r ,  the ou tpu t  o f  one f u e l  c e l l  
cannot be accommodated i n  a steady s t a t e  mode o f  operat ion. For such a 
r a d i a t o r  s ize,  a f u e l  c e l l  opera t ing  temperature o f  between 140 C (285 F) 
t o  143 C (290 F) would be requ i red  f o r  a one-cel l  system. F e a s i b i l i t y  o f  
opera t ing  candidate s h u t t l  e-type f ue l  c e l l  s a t  t h i s  temperature 1 eve1 must 
s t i l l  be assessed. 
Two fuel c e l l  s opera t ing  cont inuously requi res a subs tan t ia l  increase 
i n  e i t h e r  the necessary r a d i a t o r  area o r  a combination o f  an increase i n  
r a d i a t 3 r  area al01,g w i t h  an increase i n  f u e l - c e l l  opera t ing  temperature. 
Any increase i n  r a d i a t o r  area impacts both Shu t t l e  and/or o ther  payload 
operat ions and must be assessed 2ccordingly.  
Furthermore, the r a d i a t o r  heat r e j e c t i o n  e f fec t i veness  must be 





















































































high tenlperatures and predicated l a r g e  temperature drops o f  these pre l im-  
i nary analyses requ i re  t h a t  fu r ther  d e t a i l  ed thermal analys is  be conducted 
to va l i da te  ove ra l l  system f e a s i b i l i t y .  As such, a coo lan t  f l u i d  assess- 
ment must be e f f ec ted  t o  determine t o  what degree h igh  temperatures 1370 - 
427 C (700 - 800 F) ]  i n  p a r t  of the loop  are compatible w i t h  e x i s t i n g  
working f l u i d s .  This temperature l e v e l  i s  near the upper l i m i t  f o r  norm- 
a l : ~  employed coolants.  Dowtherm A, f o r  ~ x a z p l e ,  i s  near i t s  opers t ing  
l i m i t  a t  400 C (750 F). I f  a compatible f l s i d  cannot be selected, a v a i l -  
ab le  f l u i d  temperature l i m i t s  may become the governing parameier f o r  rad ia -  
t o r  requirements . 
The resu:ts o f  a p re l im inary  system analys is  as presented here in  i n -  
d ica tes  t h a t  a system t u  accomnodate the o ~ t p u t  o f  two f ue l  c e l l  s operat ing 
cont inuously (14 <W) i s  n o t  ou t  o f  the  realm o f  p o s s i b i l i t y ;  however, 
impacts t o  both f ue l  c e l l  design and s h u t t l e  hay rad ia to rs  may r e s u l t .  
Fur ther  d e t a i l e d  s tud ies are requ i red  before a k i t  systetx and i t s  perform- 
ance ranges can be f i n a l  i zed. 

4. CONCEPTUAL KIT DESIGN MD ANALYSIS 
As a prelude t o  the a c t i v i t y  o f  preparing conceptual layouts o f  
various accomnodation zodes f o r  the Power/Heat Rejection K i t ,  a sumdry 
was prepared o f  weights and volumes f o r  both the experimental and sub- 
systems apparatus. This sumnary included values f o r  an a1 1-incl usi  ve 
system as well as an austere version, i n  order to show the complete 
spectrum of possible values, and i s  included i n  Table 9. 
A nmber o f  conceptual ized SPA powerlheat re jec t ion k; t packaging 
layouts are presented i n  Figures 19 to  29. Conficjuration 4 as a v iable 
concept has been discounted because o f  size 1 i m i  tations. 
Configuration 6 presents a fuel c e l l  layout i n  an ElWO p a l l e t  
configuration. 
Table 9. Power-Hea t Rejsc t i o n  K i  t Nominal 
Wei ght/Vol une Sunrnary 
Expet-imenL.1 Appat-a tus 
iompl e t e  Austere 
Power 
Fael Ce l l  (GE) n /Contro ls  
O2 d o t t l e s  (Dry) 
H z  S 3 t t l e s  (Dry) 







Capaci t o r  
Reactan,, (1  Wl) 
St ruc tu re  
Subsystems 
Powe I- 
T h e m 1  
Reactants 
S t r uc tu re  
Apparatus 
TOTAL S 
Subsystemsa 'r leights 
Complete Austere 
121 k g  ( l b )  [*I kq i l  b)  
[2] 295 (650) [I] 147 !325) 
(2: 125 (276) (i] 63 (138) 
[2] S8 (194) [l] 44 ( 9 7 )  
141 163 (360) [2] 82 (150) 
[I] 220 (4%) j l ]  220 :485) 
Pal (1Wi5j SS6 (1  225) 
Deconci l  i a t i o n s  
-- 
*Number i n  brackets i s  t h a t  number of i tems requi red.  
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:t ional Layout Drawing o f  PHRK - Configurat ion 2 
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Figure 23. Cross-Sectional Layout Dr 
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Figure 27. Exploded V i e w  o f  Configuration 5 
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1 
A Figure 28. Cross-Section View o f  the PHRK on 
Supporting Structure. 
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SPA EXPERIMENT MODULE 
Figure 29. Exploded V i e w  o f  ERN0 Configuration 
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5. ACCOMODATION ANALYSIS QF CONFIGURATION 3 
From among the s i x  d i f f e r e n t  conf igurat ions o f  the PHRK and SPA 
automated payloads, as shown i n  Section 4, one was chosen fo r  f u r the r  
accomnodation analysis -- Configuration 3. The f i r s t  step was the selec- 
t i o n  o f  the proper storage tanks f o r  the working f l u i d s  to  be used i n  the 
PHRK. The three types o f  f l u i d s  t o  be used and accommodated are 1 i q u i d  
~xygen,  l i q u i d  hydrogen and water. For each o f  these f l u ids ,  three d i f f e r -  
ent  tank sizes were considered and evaluated. A l l  were spherical tanks 
except f o r  one o f  the water tanks which was a hemispherical l y  ended cy l  i n -  
d r i c a l  tank. The oxygen tanks considered ranged i n  s ize  from 67 cm (26.3 
in.) up t o  98 an (?5.6 in . )  and the hydrogen tanks ranged from 81 cm (31.7 
i n . )  t o  117 cm (46 in.) .  The onPs chosen f o r  analysis were 84 cm (3'. in . )  
and 99 an (39 in.) i n  diameter, respect ive ly .  The choices f o r  water 
storage included a hemispherically ended c y l i n d r i c a l  tank, 64 cm (25 i n . )  
i n  d i a w t e r  and 127 cm (50 in.)  i n  length  and two sper ica l  tanks, 67 cm 
(26.3 in.) and 51 cm (18.0 in . )  i n  diameter, respect ively.  The l a rge r  o f  
the two spherical tanks was chosen f o r  t h i s  analysis. Table 10 presents 
a l l  o f  the appl icable in fo imat ion  on the n ine d i f f e r e n t  tanks. The d ia -  
meters o f  the tanks are f o r  the t s t a l  tank envelope which includes any 
insulat ion;  therefwe,  the volume-per-tank values are no t  d i r e c t l y  cal  cu- 
l a b l e  from the dialneters. These volumes are in te rna l  values. T k  f l  u i d  
weights obtained are derived by mu1 t i p l y i n g  the tailk volume by the fo l low- 
i n g  f l u i d  densit ies: 
kg/m3 1 b / f t 3  
Oxygen 1130 70.7 
Hydrogen 698 43.6 
Water 1 000 62.4 
The t o t a l  weights and volumes o f  the three selected tanks and f l u i d s  
are shown i n  Table 11 along w i t h  the values used for  the fuel ce l l s ,  i n -  
verters, thermal capacitor and pumps. The volumes obtained are derived 
from the diameters o f  Table 10 and are, therefore, representat ive o f  the 
e n t i  r e  tankage envelope no t  the i n t e r n a l l y  ava i l  able volumes. 
A loads'  analysis was performed along w i th  the preparat ion o f  draw- 











































































































































































































































































































































































































































































































































































































































































































































This was done i n  order t o  define the s t ruc tura l  weights needed to carry 
both power and heat re jec t i on  equipment and also the weight/vol ume a l l o -  
cat ions for the experimental equipment. The working notes of t h i s  loads1 
ana?ysis i s  presented i n  the Appendix 'to t h i s  report .  
The schematic shown i n  Figure 30 describes the in te r faces  between 
the power, power d i s t r i b u t i o n  and thermal subsys tems. This provided the 
basis f o r  the preparat ion of a drawing showing the PHRK i n  a modular con- 
f i gu ra t i on  which i s  presented i n  Figure 31. The PHRK module was then con- 
ceptual ly  in tegrated i n t o  the cargo bay s t ruc ture  along w i t h  the SPA 
automated payloads ( fwnace,  l e v i t a t i o n  and core) as shown i n  Figure 32. 
The layout  fo l lows tha t  o f  Conf igurat ion 3 which was i n i t i a l l y  presented 
i n  Figures 23 and 24 i n  Section 4. 
.:.. \\, "I., .. r 4 ' C . .  
K., ....... ----I 
'7 
--I------------__- __I__.__ 
- -I__ _- 
i F i  gure 30. SPA Power S ~ p p l  ylHea t 
fozo"b 
. 
i Rejection System 
--- -. L -:-I 
I Schema t i c  
I W L  C l l l  
22886-60 34- RU- 0 5 
Fig"* 31 . SPA Power Supply/ Weat Rejection 
Modul e Assembly 


Figure 32. SPA Automated Payload Assembly 
WEIGHT SUMRY - SPA AUTOMATED PAYLOAD 
(Based on Prel iminary Struct i l ral  Sizing) 
1. Experiment Structure (Arch Config.) 
C o m n  Experiment Cel l  9 Reqd. X 93 = 837 
k i n  Load CarryingKxperiment Cel l  3 Reqd. X 122 = 366 
1203 -+ 1203 lb .  
2. Power/Heat Rejection Module Structure + 280 lb. 
Total Structure Weight = 1483 lb .  
Structure i s  typical  a i r c r a f t  type, semi -mnocoque, sk in s t r inger  
construction. Load factors used are shown below (maximum f o r  any 
given cofidi t ion) .  
1.5 G / 
+Y 
axes designation 
9 G / 
POblEli/HEAT REJECT ION WDULE 
Loads, Stress and Weight 




EQUIPMENT WEIGHTS : 
a) Fuel Cells ( w i t h  controls) 2 x 3 2 5 =  6501b. 
b)  O2 Bottles (container and reactant) 2 x 713 = 1426 lb. 
c) H2 Bottles (container and reactant) 2 x 153 = 306 lb. 
d) Inverters (4 @ 400 Hz and 1 @ 1800 Hz) ( 4  x 90) + (485) = 845 lb. 
e )  Thermal Capacitor (dived in to  2 units) 2 x 250 = 500 lh.  
f) H20 Storage 2 x 353 = 706 lb. 
'lo tal  = 4433 1 b. 
Structure = + 
STRUC 
-
TURAL SIZING: (Close approximation - w i t h  conservative approach) 
I-- Longi tudinal  Beam @ 7 Longitudinal Beam @ - 
era1 Beam @ 
Longitudinal Beam a 
Longitudinal Bean @ 
Longitudinal Bern @ 
Equipment loads are appl i ed  t o  (5) longi tudinal  beams which t ransmit  them 
to  (2) : ateral  beams. 
Beam 1 - This beam supports one-half the load, o f  each o f  the two fue l  
ce l ls .  9 G forward and 4.5 G down loads are the worst case. 
4.5 G x 82 x 2 = 138 lb .  
9 G x 164 x 10 - 396 lb. 
-- 
40 - 
R1 = (15 x 342) + (55 x 77 
51 30 + 62370 R1 = 7
~ 1 = - =  67500 964 lb .  I 0  
R2 = 11 34 + 342 - 964 = 51 2 
964 44 1 b/ i n depth (a)  Webb Thickness - Shear load = 
Skin T < .010 so use .020 th ick  web 
(b)  Ve r t i ca l  S t i f f n e s s  - 
Skin A = .02 x 10 = . 2  A = S r k 
= I 0  (.02) .4 
= .08 i n  2 
.06 x 1 .. 1 
use ~ 1 ; ; -  angl e 
m (c )  C a p s - A = - =  d F 21 964 x 30,000 = .023 Since t h i s  i s  small use 
.06 x 2 x 1 TEC ( A - = m q  
Beams 2 and 3 - These beams support  the loads o f  02, H2, H20 and thermal 
capaci tor .  (1/2 l oad  t o  each beam) 
Hz W t .  = 153 l b .  ea. 
O2 W t .  = 713 l b .  ea. 
H20 W t .  = 35: l b .  ea. 
Them. Cap. = 2f0 l b .  ea. 
I n v e r t e r  = 485 l b .  ea. 
Fuel Ce l l  = 325 l b .  ea. 
Pc.,.t Loads 
(1 (2 )  
77 x -4.5 G = - 347 I b .  77 x - 4.5 G = - 347 l b .  
7 7 x 9 G x 1 6  
= + 6 9 3 l b .  Hz 7 7 x 9 G x 1 6  H, - 16 = - 693 l b .  
L 16 
7 7 x ! . 5 G x 1 6  = -  Mlb. 7 7 x 1 . 5 G x 1 6  = -  841b.  
2 2 22 
c = + 262 l b .  
68 x 4.5 G = - 306 1b. 
63 x - 4.5 G = - 306 1b. 6 8 x 9 G x 6  
3 6 = + 102 i b .  6 8 x 9 G x 6  
= + 102 1b. T. C. T.C. 36 6 8 ~ 1 . 5 G x 6  - - 251b .  
68 x 1.5 G x 6 = - 25 l b .  24 
24 P o i n t  (2) Tota l  Load = - 1353 It. 
c = - 229 1b. 
P o i n t  ( 1 )  To ta l  Load = + 33 
l b .  
l b .  
l b .  
F.C. 82 x  9 G x  6  
= + 111 l b .  F.C. 8 2 x 9 G x 6  40 40 = + 110 l b .  
82 x 1.5 G x  6  
- - 
22 34 l b .  
Pa in t  (3)  Total  Load = + 449 Po in t  (4) Total Load = - 7552 1  b. 
6011 - 232 l b l i n  Web Thickness - Shear Load = 
Skin T < ,020 so use . O X  t h i c k  web 
Ver t i ca l  S t i f f ness  - 
.03 x  10 = .3 A = S T K 
= 10 (.03) .4 
= 12 i n  2  
m - 
= - A = - -  6011 x l6 = .I23 Use .12 x  2  x 1  TEE d F  2 6 ~ 3 0 , 0 0 0  (A = .36 i n 3  
Beanls 4 and 5 w i l l  ca r ry  less  load  than 3 and 4 so assume same mater ia l  
s ize. 
Beam 6  supparts loads from heaviest enus o f  I, 2, 3, 4  and 5. 
601 1 
601 1 
964 im l b .  Total 
R1 and R2 = - i2986 = 6493 l b .  2 
(a) Web Thickness - Shear load = 6493 26 = 250 1b/ in 
Skin T < .02 Use .040 th i ck  web 
(b) Vert ica l  S t i f fness  - 
. 0 4 x 1 0 = . 4  A = S T ~  
= 10 (.M) .4 
= . I 6  
Use .12 x 1 x 1 angle 
(A = .24 in2) 
m (c )  & - A = - -  6493 x 2:o = .216 i n 2  Use .12 x 2 x 2 angle d F - 26 x 30,O n 
Beam 7 w i l l  car ry  less load than 6 so assume same material  size. 
Check lower sk in  and caps as beam, w i th  9 G fwd load. 
Point  1 and 3 (each) 
-
O2 = 713 
H20 = 353 
F.C. = 168 
Inv. = 242 
- 
1476 l b .  
1476 x 9 G = 1',2.;,+ l b .  
Poin t  2 
F.C. = 325 x 9 G = 2925 l b .  
14746 210 l b / i n  depth (a) Web Thickness - 3 e a r  Load =  = 
Skin T < .02 Use .04 th i ck  web 
(b) Ver t i ca l  S t i f f ness  - Same as Beam 2 and 3. 
( c )  Cap Area - A =L= 14s746 Xo: = .I33 Use .12 x 2 x 2 angle d F  9 6 x 3 0 ,  2 (A = .48 i n  ) 
TANK SUPPORT STRUCTURAL SIZING 
H2 Tank - 53 l b .  
77 1 b l s i de  R1 = 77 l 6  = 1108 l b .  load  10 
77 l b  x 4.5 G Length = 30" 
From curves use O.D. x . Wall 
347 + 739 
1085 Ib .  load  
Length = 15" 
curves use O.D. x . Wall G From 
a f t  tank) 
16in 
O2 Tank - 713 l b .  
R2 
357 l b l s i d e  357 l7 = 4551 1b. load  12 
Length = 22" 
curves use O.D. x . Wall ( f k d  tank) 
557 x 9 G 
From 
. . 
28917 2065 lb .  lose 
-IT= 
Length = 1 ,, 
curves use 0. D. x . Wall 
( a f '  ;ank) 
From 
H20 Tank - 353 l b .  
177 l b l s i d e  
R2 e l o x  353 
= 630 l b .  28 
Worst Case Tube 
Exp. 3450 l b .  
H t/Power 5000 1 b . 
S tr. 1000 l b .  
PAYLOAD STRUCTURE S I Z I N G  
460 1 b/module with structures 
26 in .  
inboard panel ti i n .  4 k 6  i n .  
(a )  Web - Shear load = 4 * 5 =  303 l b / i e  Skin - = .020 26 
Use .030 th ick  web 
(b )  S t i f fener  Area - A = S  K = .12 
A = 10 x .03 = - 3  
= 1 0  ( - 0 3 )  - 4  
(b)  St i f fener  Area (Cont.) - 
Use .12 x 1 x 1 angle 
- 1750 4 * 5  
= .06 Use .12 x i . 5  A 1 .5  angle ( c )  GAPS - A = 
- 26 x 30,M)O--~~ 
= 11250 l b .  
t 4 = 2812 Ib. 
5 .5  x 1 . 5  x .O8 Min 
Add 10% f o r  f i t t i n g s  - 280 lb .  TOTAL Module Structure Weight 253 Ib. 
A-1 1 
EIGHTS - WWEWHEAT REJECTION 
Size 
.02 x 27 x 72 
-06 x 2 x  27 
.06 x 3 x 72 
. O 3 2 x 2 7 x 7 2  
-12 x 2 Y 27 
.12 x 3 x 72 
Same as Beam i! 
. O 3 2 x 2 7 x 7 2  
. I2  x 2 x 27 
-18 x 4 x 72 
Same as Beam 4 
.U4 x 27 x 100 
.12 x 2 x 27 
. I6  x 4 x 100 
Same as Beam 6 
.M x 72 x 100 
-12 x 2 x 100 




i -PJI 3  
I ter 
Yeb 
Vert. S t i f .  
Caps 
Web 
Vert. S t i f .  
Caps 


























&Yo W t .  Tot. W t .  
1 3.88 
7 2.27 
2 2.60 8.75 
1 6.22 
10 / 6.5 














4 6.91 42.91 
Eeam 4 Web 
Vert. S t i f .  
caps 
Seam 5 
Beam 6 Web 
Vert. S t i f .  
Caps 
Top Panel Skin 
Lat. S t i f .  
Long.St i f .  
Bottom Panel 
Vert. Strut.  




2 .64 2.12 
4 1.16 
4 1.42 
Same as Top Panel 
5 lx.0351.128xf.Z1 .I6 
O2 Tank 
( 2  reqd. j 
Side Strut.  
Vert. Strut.  
I ~ n d .  Strut .  
Side Strut.  
l x . 0 3 5 1 . 1 2 9 ~ ~  
30 1x.035/.:28xrZ Side Strut. 
Vert. Strut. 




1.5x.035 1.193~ .29 
1.5x.0351.193~ .35 
I 
18 1x.0351 .128xn 
24 ' l x . 0 3 5 1 . 1 2 8 ~ ~  









I n t e d .  Frame Webs 
Longemns 
End Frame Caps 
Intemzd. Fram Caps 
Intened. Long S t i f .  
Intermed. Sta. S t i f .  
72.4~3=652 l b  (6' 
72.4 , Correction f o r  7' long (72.4 + - - 6 72.4 + 12.1 = 84.5 l b / ce l l  




End L Intermed. Skins 
Longerons 
End Frame Caps 
Interned. Frm. Caps 
Long. St i f feners 











f o r  7' long) 
Correction f o r  7' long (95 + 5 = 95 + 15.8 = 110.8 l b l c e l l  













3 x 110.8 = 332.4 1 C  937 l b  Total (6 ' )  
1093 I b  Total (7 '  
Tot.  











Add 1 K  f o r  f i t t i n g s  
1200 1 b TOT& 
Payload Structure 
7 '  Long 
